Abstract. Observation shows that eastern China experienced an interdecadal shift in the summer precipitation during the second half of the 20th century. The summer precipitation increased in the middle and lower reaches of the Yangtze River valley, whereas it decreased in northern China. Here we use a coupled ocean-atmosphere general circulation model and multi-ensemble simulations to show that the interdecadal shift is mainly caused by the anthropogenic forcing. The rapidly increasing greenhouse gases induce a notable Indian Ocean warming, causing a westward shift of the western Pacific subtropical high (WPSH) and a southward displacement of the East Asia westerly jet (EAJ) on an interdecadal timescale, leading to more precipitation in Yangtze River valley. At the same time the surface cooling effects from the stronger convection, higher precipitation and rapidly increasing anthropogenic aerosols contribute to a reduced summer land-sea thermal contrast. Due to the changes in the WPSH, the EAJ and the land-sea thermal contrast, the East Asian summer monsoon weakened resulting in drought in northern China. Consequently, an anomalous precipitation pattern started to emerge over eastern China in the late 1970s. According to the model, the natural forcing played an opposite role in regulating the changes in WPSH and EAJ, and postponed the anthropogenically forced climate changes in eastern China. The Indian Ocean sea surface temperature is crucial to the response, and acts as a bridge to link the external forcings and East Asian summer climate together on a decadal and longer timescales. Our results further highlight the dominant roles of anthropogenic forcing agents in shaping interdecadal changes of the East Asian climate during the second half of the 20th century.
Introduction
The East Asian summer monsoon (EASM) leads to heavy rainfall in June, July and August along thousands of kilometers of rain belts affecting the East Asian countries, encompassing one third of the world's population. In fact, EASM contributes as much as 40-50 % (60-70 %) of the annual precipitation in southern China (northern China) (Ding, 1992; Gong and Ho, 2003) . Observations show that the EASM has experienced a significant weakening during the second half of the 20th century (H. J. Wang, 2001 Wang, , 2002 . This noticeable weakening concurred with more summer rainfall in the middle and lower reaches of the Yangtze River valley (YRV) and less rainfall in northern China (Gong and Ho, 2002; Zhai et al., 2005) . This interdecadal variation of the summer precipitation (IVSP) has been referred to as the southern flood and northern drought pattern (Ding et al., 2008 (Ding et al., , 2009 
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). The weakening of the EASM and the associated IVSP have large impacts on agriculture, water resources and society for nearly 1 billion people, in particular in eastern China with a dense population and concentrated industries and agricultures (Piao et al., 2010) . Despite the critical importance of the weakened EASM and the IVSP for China, the ultimate causes for this interdecadal shift remain unclear (Ding et al., 2009; Bollasina et al., 2011; Zuo et al., 2012) .
Both natural (e.g., volcanoes) and anthropogenic (greenhouse gases and tropospheric aerosols) factors can affect the global and regional climate. For instance, a significant global reduction in precipitation over land following the Mount Pinatubo eruption in 1991 has been documented (Trenberth and Dai, 2007) . Evidence from paleo-proxy reconstructions also suggests a link between volcanic eruptions and decreased summer precipitation in China over the past five centuries (Shen et al., 2008) . A recent study suggested that volcanic eruptions can impact the Pacific Decadal Oscillation (PDO) (T. Wang et al., 2012) , which is a key factor affecting global and regional climate on a decadal timescale (Mantua and Hare, 2002; H. Wang et al., 2007; Zhu et al., 2011) . The rapidly increasing concentrations of atmospheric greenhouse gases also have strong impacts on the climate. According to the Fourth Assessment Report of the IPCC (IPCC AR4), most of the observed increase in global average temperature since the mid-20th century is very likely due to the increase in greenhouse gas concentrations (Hegerl et al., 2007) . It is also well known that the increase in tropospheric aerosols during the same period has produced a substantial cooling, particularly over land, and that this cooling could have reduced greenhouse-gas-induced warming by as much as 50 % during the 20th century (Huber and Knutti, 2012) . Additionally, high tropospheric aerosol concentrations can slow down the tropical meridional overturning circulation and decrease regional summer precipitation in South Asia (Bollasina et al., 2011) .
The reasons for the weakening of the EASM and the accompanying IVSP in eastern China are still not fully understood due to the complex nature of the EASM system (e.g., land-sea thermal contrast, western Pacific subtropical high, topography) and the mixture of diverse forcing agents (Ding and Chan, 2005) . It is difficult for observational studies alone to address all these issues fully. Therefore, the combination of in situ data, atmosphere reanalysis data and modeling studies becomes essential in order to understand the causes and governing mechanisms behind the weakening of the EASM. However, the IPCC AR4 models and other ensemble simulations have so far generally failed to reproduce the observed IVSP in eastern China during the late 20th century (Jiang and Wang, 2005; Meehl et al., 2008; Bollasina et al., 2011) . Therefore, it is still under debate to what extent the recently observed IVSP in eastern China is caused by natural climate variability, human activities, or both.
In this study, we assess the relative roles of anthropogenic forcings and natural forcings in forming the IVSP using multi-ensemble simulations driven by different combinations of forcing agents. In Sect. 2 we describe the model and experiment design, whereas the observational and simulated interdecadal climate changes in eastern China are investigated in Sect. 3. The paper is concluded with a summary and a discussion in Sect. 4.
Model, experimental design and data

Model
The climate model used in this study is an updated version of the Bergen Climate Model (BCM) (Furevik et al., 2003) , a global, coupled atmosphere-ocean-sea-ice general circulation model (GCM). The atmosphere component is the spectral atmospheric GCM ARPEGE (Déqué et al., 1994) . In this study, ARPEGE is run with a truncation at wave number 63 (T L 63), and a time step of 1800 s. A total of 31 vertical levels are employed, ranging from the surface to 10 hPa. The physical parametrization is divided into several explicit schemes, each calculating the flux of mass, energy and/or momentum due to a specific physical process (Furevik et al., 2003) . The ocean component is MICOM (Bleck and Smith, 1990; Bleck et al., 1992) , a global isopycnic coordinate ocean GCM. With the exception of the equatorial region, the ocean grid is almost regular with a horizontal grid spacing of approximately 2.4 • × 2.4 • . In order to resolve the dynamics near the Equator better, the horizontal spacing in the meridional direction is gradually decreased to 0.8 • along the Equator. The model has a stack of 34 isopycnic layers in the vertical, with potential densities ranging from 1029.514 to 1037.800 kg m −3 , and a non-isopycnic surface mixed layer on top providing the linkage between the atmospheric forcing and the ocean interior. The sea-ice model is GELATO, a dynamic-thermodynamic sea-ice model that includes multiple ice categories (Salas-Melia, 2002) . The OASIS (version 2) coupler has been used to couple the atmosphere and ocean models.
The model is run without any flux adjustments. The preindustrial control simulation reproduces the major features of the global climate, and is stable for several centuries (Otterå et al., 2009 ).
Experimental design
The external forcings used in this study include the natural forcings (total solar irradiance and volcanoes) and the anthropogenic forcings (well-mixed greenhouse gases and tropospheric sulfate aerosols). The total solar irradiance forcing ( Fig. 1) (Crowley et al., 2003) is incorporated as variations in the effective solar constant in the BCM. This modifies the top of the atmosphere shortwave flux in the BCM. The volcanic aerosol forcing ( Fig. 1) (Crowley et al., 2003) includes the monthly optical depths at 0.55 µm in the middle of the visible spectrum in four bands (90-30 • N, 30 • N-Equator, Equator-30 • S and 30-90 • S). The aerosol loading was distributed in each stratospheric model level using a weighting function (Otterå, 2008) . The volcanic mass of the stratospheric aerosols was then calculated at each grid point and model level in the stratosphere by dividing the total aerosol concentration by the total air mass of all stratospheric levels at that grid point. The tropospheric sulfate aerosol forcing fields ( Fig. 2) are based on the simulation of the historical sulfur cycle as prepared for the IPCC AR4 (Lefohn et al., 1999; Boucher and Pham, 2002 ). In the current version of BCM, only the direct effect and first indirect effect of tropospheric sulfate aerosol have been included. The horizontal distribution of the other troposphere aerosol species are held constant at their default values, which are defined according to Tanre et al. (1984) . The changes in the well-mixed greenhouse gases are taken from the forcing data set prepared for the EU project ENSEMBLES (Fig. 3 ) (Johns et al., 2011) . This forcing data set includes the annual concentrations of the five most important trace gases (i.e., CO 2 , CH 4 , N 2 O, CFC-11 and CFC-12) for the period 1850-1999 (http://www. cnrm.meteo.fr/ensembles/public/results/results.html). Here, we use ensemble model simulations to investigate the relative importance of anthropogenic and natural forcing factors to the recent shift in precipitation and associated climate changes in eastern China. Four sets of historical simulations covering the period from 1850 to 1999 were carried out: (i) ALL150, a five-member ensemble with changes in both natural forcing agents (solar variations and volcanoes) and anthropogenic forcing agents (well-mixed greenhouse gases and tropospheric sulfate aerosols) included; (ii) ANT150, a five-member ensemble with the anthropogenic forcing agents only; (iii) NAT150, a five-member ensemble with the natural forcing agents only; and (iv) CTL150, a five-member ensemble with no year-to-year variations in the external forcing agents and with greenhouse gas and tropospheric sulfate aerosol concentration fixed at pre-industrial (1850) levels. Since the focus of this study has been to address the causes of the observed IVSP in eastern China during the late 20th century, we have restricted our model analysis to the period 1958 to 1995 (whereas the whole simulation for CTL150).
The initial conditions for ALL150, ANT150 and NAT150 were taken from a 600 yr historical simulation forced by nat- 1850, 1900, 1920, 1930, 1940, 1950, 1960, 1970, 1980 and 1990. ural variations (Otterå et al., 2010) . The initial conditions for CTL150 were taken from a 600 yr pre-industrial control run (Otterå et al., 2009) . Each experiment consists of five ensemble members, where each member was initialized using the common method of taking different atmosphere, but identical ocean, start conditions for the model (Collins et al., 2006) . Due to the highly chaotic nature of the atmospheric model, each realization is statistically independent after only a few weeks of integration. In our case, the different atmospheric initial conditions for these four sets of simulations were generated from a previous 20-day simulation using a daily restart file every 5 days. This perturbation methodology is in no way optimal in terms of, for example, sampling the likely range of subdecadal atmosphere-ocean analysis error. However, it is sufficient to generate ensemble spread on the timescales of interest here.
Data
In this study, two sets of observed precipitation and surface air temperature were analyzed. One is the observed data from 740 meteorological stations (STN) collected by the China Meteorological Administration (CMA); the other is the Climate Research Unit (CRU) data set (Mitchell and Jones, 2005) . In addition, the observed data from the Hadley Centre Sea Level Pressure data set (HadSLP2) (Allan and Ansell, 2006) , the Hadley Centre monthly Sea Surface Temperature data set (HadISST) (Rayner et al., 2003) , the Extended Reconstructed Sea Surface Temperature data set (ERSST, version v3b) (Smith et al., 2008) , the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al., 1996) , and the European Centre for Medium-range Weather Forecast (ECMWF) 40 yr Reanalysis (ERA-40) (Uppala et al., 2005) were also used to evaluate model performance and to investigate interdecadal climate changes over eastern China during the second half of the 20th century. For the statistical analyses, significance levels were calculated using a standard t test in this study. The Mann-Kendall test (Mann, 1945) was used to estimate the statistical significance of the linear trends. The Pearson's linear correlation coefficient was used to describe the significance of the correlation coefficients between the data and model. 
Results
Evaluation of the model's climatology
We first examine whether BCM can reproduce observed East Asian summer climatology. Figure 4 shows that the BCM ALL150 ensemble can simulate the large-scale summer precipitation and wind fields at 850 hPa reasonably well for the period of 1958-1995. There are positive precipitation biases over South China and West China in the BCM, but model biases are small over eastern China, which is our region of interest. Overall, the model is able to reproduce the spatial pattern of East Asian summer climate fairly realistically and should therefore constitute a good starting point to address the weakened EASM and the IVSP in eastern China. 
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The observational and simulated changes in summer precipitation
It can be seen that the precipitation increases significantly over the middle and lower reaches of the YRV, whereas it decreases over the North China (NC) and along the coasts of South China from the period 1958-1977 to the period 1978 . The simulated precipitation pattern in ALL150 qualitatively matches the observed anomalous precipitation pattern, but the magnitude of the precipitation anomaly in the model is less than those in the STN and CRU data sets. ALL150 also reproduces realistic precipitation anomalies in most other regions of China and adjacent areas. In contrast, neither the ANT150 nor NAT150 is able to capture the observed changes in summer precipitation over eastern China. In ANT150, positive precipitation anomalies can be observed over northeast China. There are no significant precipitation anomalies over the NC and YRV. In NAT150, negative precipitation anomalies appear over central China and the northern parts of East Asia continent, which are opposite to the observation. (Fig. 6) . The STN data show linear trends of −0.85 mm day −1 (40 yr) −1 for the NC and 1.24 mm day −1 (40 yr) −1 for the YRV, which are both statistically significant at the 99 % confidence level (P < 0.01). Comparable trends are also seen in the CRU data set.
The ALL150 captures the interdecadal changes in the precipitation over eastern China, although linear trends are weaker: −0.51 mm day −1 (40 yr) −1 (P < 0.01) and 0.41 mm day −1 (40 yr) −1 (P < 0.01) for the NC and YRV, respectively. The other individual ensembles fail to capture the observed trend. Particularly in NAT150, the precipitation trends for the NC and YRV regions are actually reversed compared to the observations. The results thus indicate that the IVSP in the late 1970s is likely caused by the external forcings including both anthropogenic and natural factors.
Furthermore, we examined the longer time evolution of summer precipitation over these two regions focusing on a decadal timescale (Fig. 7) . It is found that a similar IVSP 1973-1990 minus 1953-1972) in summer (June-July-August) precipitation (unit: mm d −1 ). Areas with confidence level exceeding 90 % are denoted with dots.
occurs at the beginning of the 1970s in ANT150, earlier than that in ALL150 and CRU data set. The analysis of running interdecadal trends and simulated spatial differences in summer precipitation further confirms this point ( Fig. 8a and b) . The summer precipitation increases over the YRV, whereas it decreases over the NC from the period 1953-1972 to the period [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . The linear trends are 0.49 mm day −1 (40 yr) −1 for the YRV (P = 0.01) and −0.24 mm day −1 (40 yr) −1 for the NC (P = 0.10) during the period of . It is suggested that there are some linkages between the anthropogenic forcing agents and the IVSP in ALL150 and the observation. Thus, this simulated IVSP during the period of 1953-1990 in ANT150 is used as a parallel analysis in the following study. In NAT150, nevertheless, the summer precipitation decreases over the YRV, but increases over the NC in the 1970s, further confirming the opposite precipitation trends over eastern China in NAT150 compared to other ensembles and observations. Actually, the anomalous summer precipitation over the NC and YRV are not opposite to each other all the time (Fig. 7) . In some periods, they are consistent for these two regions. The changes in summer precipitation over eastern China are very complex. Thus, in order to investigate how the external forcings affect summer precipitation over eastern China and the root causes of the IVSP in late 1970s, we first need to understand the key meteorological factors to influence the summer precipitation over the NC and YRV, respectively, particularly those related to the intrinsic variability of the climate system.
As shown in Fig. 9a , when summer precipitation increases over the NC, obvious southerly wind anomalies are evident over eastern China and they can reach north of 40 • N. At the same time, an anomalously cyclonic circulation is observed in the low troposphere over the NC, implying strong convection there. Correspondingly, significant negative anomalies in the 500 hPa geopotential height can be found over this region (Fig. 9c) . In the upper troposphere, negative zonal wind anomalies appear along 30 • N, indicating a weak and northward East Asia westerly jet (EAJ) over the continent (Fig. 9e) . In this period, a negative PDO-like sea surface temperature (SST) pattern is observed over the North Pacific.
On the other hand, when the summer precipitation increases in the YRV, the southerly wind anomalies only extend south of 30 • N (Fig. 9b) , implying a relatively weak EASM. Differently from changes of summer precipitation in the NC, the anomalously cyclonic circulation over eastern China shifts southward and is located over the YRV region.
The enhanced convection over the YRV is the direct factor that causes summer precipitation to increase there. In addition, the Somali jet is also markedly weakened. In the midand upper troposphere, the western Pacific subtropical high (WPSH) shifts westward, and the South Asia high (SAH) is strengthened. The positive-negative zonal wind anomalies at 200 hPa over the north and south sides of the Yangtze River imply a strengthened and southward EAJ when the summer precipitation is high over the YRV (Fig. 9f) . For the SST, the positive anomalies can be found over the South China Sea, subtropical northwestern Pacific, and most parts of the 1973-1990, 1953-1972, and 1953-1990 in the ANT150), and (e) NAT150. The value of the western Pacific subtropical high isoline in each data is shown at the upper right corner (unit: m).
Indian Ocean (Fig. 9h) , whereas negative anomalies over the northwestern Pacific.
These anomalies in the troposphere and surface are strongly tied to the changes in the summer precipitation over the NC and YRV. In the following we focus in particular on the responses of these meteorological factors to external forcings and try to explain how they couple together to cause the IVSP in eastern China in late 1970s.
Changes in western Pacific subtropical high and SST
The WPSH is an important component of the EASM system (Tao and Chen, 1987) . The low-level jet along the western edge of the WPSH transports a large amount of water vapor into East Asia. Therefore, any changes in the WPSH would potentially influence precipitation over eastern China (Ninomiya and Kobayashi, 1999) . Following Zhou et al. (2009) , the climatological isoline (geopotential height at 500 hPa) for the whole period (1958-1995; 1953-1990 for ANT150) 1978-1995 and 1958-1977 (1973-1990 and 1953-1972 for ANT150).
Since the late 1970s, the WPSH has extended further west compared with the 1960s and 1970s. This significant interdecadal shift is also observed in the variation of the WPSH index (Fig. 11) , which is defined as normalized anomalies of geopotential height at 500 hPa over the region (125-140 • E, 20-25 • N; He and Gong, 2002). As a result, the monsoon rain Fig. 12.   Fig. 12 . The differences (1978-1995 minus 1958-1977) in the observed and simulated summer SST (June-July-August, unit: ANT150 (1973 ANT150 ( -1990 ANT150 ( minus 1953 ANT150 ( -1972 , and (e) NAT150. Areas with confidence level exceeding 90 % are denoted with dots. belt has been pushed toward the YRV, resulting in more precipitation in this region (Gong and Ho, 2002; Zhou and Yu, 2005) . This relationship between variation of summer precipitation over the YRV and that of the WPSH also can be found in CTL150 (Fig. 9d) .
Both in ALL150 and ANT150, the simulated WPSH is pushed more westward in the latter decades of the 20th century (Fig. 10) , although both simulations exaggerate these changes compared with the reanalysis data set. Thus, the simulated summer precipitation increases over the YRV in both ALL150 (Fig. 5c ) and ANT150 (Fig. 8b) during this period. Besides, the interdecadal shift in WPSH happens earlier in ANT150 than that in ALL150 and observations (Fig. 11) , which is likely the reason of the earlier increase in summer precipitation over the YRV in ANT150 mentioned before (Figs. 7 and 8 ). It is, however, hard to find such interdecadal shift in NAT150 during the second half of the 20th century and in the whole CTL150 simulation.
The ultimate cause of the westward extension of the WPSH, on an annual timescale, is the anomalous warming of the Indian Ocean. The increased SST over the Indian Ocean warms the tropical tropospheric air via deep convection adjustment. Then, the heated tropical troposphere, on the one hand, triggers an anticyclonic pattern over the northwestern Pacific though emanation of baroclinic Kelvin waves, intensifying the WPSH ; also seen in Fig. 9b,  d and h ). On the other hand, it produces a positive height anomaly over South Asia, modifying the SAH . The intensified SAH causes a further westward extension of the WPSH through emanating anomalous wave energy downstream along the westerly jet (Zhao et al., 2009) , making the WPSH and the SAH vary synchronously (Tao and Zhu, 1964; Jiang et al., 2011 ; also seen in Fig. 9b) . Therefore, the variation of the Indian Ocean SST plays an important role in affecting the WPSH. The strong correlations between them in the observation (0.77 according to Gong and Ho, 2002) and the BCM ensemble results further confirm this point (Fig. 11) . Modeling studies (Zhou et al., 2009 ) and observational evidence (Gong and Ho, 2002) also suggest that, on interdecadal timescales, this relationship does exist.
As shown in the observed SST (Fig. 12 ), significant basinwide SST warming can be found in the Indian Ocean, South China Sea and tropical western Pacific during the period 1978-1995. In addition, a warm PDO-like SST pattern emerged in the North Pacific during this period. Large-scale anomalously negative SSTs are evident over the west-central North Pacific, whereas positive SSTs are located over the high-latitude North Pacific and along the west coast of North America. In the BCM, these observed differences in the SST warming-cooling conditions are well captured by ALL150 and partly captured by ANT150, while NAT150 failed to capture these anomalies. It is indicated that, forced by the anthropogenic agent (i.e., increased greenhouse gas concentrations), the BCM realistically reproduced the Indian Ocean persistent warming, which ultimately caused the westward extension of the WPSH over the past few decades (also seen in Fig. 11 ). In addition, natural forcing or intrinsic climate variability is incapable of causing such observed large-scale changes in the SST and WPSH during the second half of the 20th century.
It is interesting to note that the natural forcing weakens the WPSH by cooling the Indian Ocean SST during the second half of the 20th century (Fig. 11c) , mainly on an interannual timescale. That means the natural forcing can to some extent mitigate the anthropogenically induced Indian Ocean warming, causing the delayed shift in the WPSH in ALL150 compared with ANT150. In addition, the correlations between the Indian Ocean SST and WPSH in ALL150, ANT150 and NAT150 are much higher than that in CTL150. It is likely because the external-forcing-induced decadal changes strengthen the covariance of the Indian Ocean SST and the WPSH, as pointed out by Gong and Ho (2002) .
Changes in East Asia westerly jet
The EAJ is another important component of the EASM system, which is often located between 20 • N and 50 • N over East Asia during the boreal summer. On its south side, the EAJ can lead to the divergence in the upper troposphere and, consequently, cause a strong ascending motion and convergence in the lower troposphere. Thus, the variation of the EAJ is closely linked to monsoon precipitation over East Asia (Liang and Wang, 1998) . In order to examine the variation of the meridional displacement of the EAJ and its impact on the summer precipitation over eastern China, an axis index of the EAJ is analyzed here, which is defined as the normalized mean location (latitude) of the 200 hPa maximum westerly at various longitudes over East Asia (70-120 • E, 30-50 • N; Kuang and Zhang, 2006) . The higher value of this index (i.e., a northward displacement of EAJ) corresponds to a decrease in summer precipitation over the YRV region in the observation (Kuang and Zhang, 2006) and BCM ensemble simulations (Fig. 13) , and vice versa. It is interesting to find that the relationship between the EAJ index and summer precipitation is much weaker in ANT150. And this significantly weakened covariance of them mainly happens during the period of 1950-1999 in this ensemble (Fig. 13d, e and f) . Figures 14 and 15 show the changes in 200 hPa zonal winds between the periods of 1978-1995 and 1958-1977 (1973-1990 and 1953-1972 for ANT150) and the time evolution of the EAJ index for the 20th century, respectively. In the reanalysis data, anomalously negative zonal winds are evident over northern East Asia, whereas positive ones are ANT150 (1850 ANT150 ( -1999 , (e) ANT150 (1850 ANT150 ( -1949 , and (f) ANT150 (1950 ANT150 ( -1999 . Areas with confidence level exceeding 95 % are denoted with dots. located over the southern parts. This dipole mode in zonal wind anomalies, together with changes in EAJ index, indicates a long-term southward EAJ during the latter period. Compared with reanalysis data, ALL150 well captures this anomalous mode and the interdecadal shift in the EAJ index since the late 1970s, which can contribute to the increased summer precipitation over the YRV.
In ANT150, a similar dipole mode is also observed over East Asia, but shifted southward about 10 degrees compared with reanalysis data and ALL150. This implies a strong southward displacement of the EAJ during the latter period, which is likely the reason for the increase in precipitation over South China in ANT150 (Fig. 8b) . On the other hand, the EAJ index in ANT150 decreases much earlier, even from the 1950s forced by the anthropogenic agent (Fig. 15b) . This partly explains the covariance between the EAJ index and summer precipitation over the region shifting from the YRV to South China in ANT150 during the second half of the 20th century ( Fig. 13e and f) .
In NAT150, it is hard to see any anomalous interdecadal signals (Fig. 14e) . However, an earlier shift also can be found in the EAJ index. Since the 1960s, the EAJ index has been predominately positive and higher than that during the early 20th century (Fig. 15c) . The mean value (1950 The mean value ( -1999 is 0.14 in NAT150, which is opposite to that in ANT150 (−0.16). This means the natural forcing tends to displace the EAJ further northward during the second half of the 20th century compared to the early 20th century. (1978-1995 minus 1958-1977) in summer zonal wind fields at 200 hPa (June-July-August, unit: m s −1 ) in the (a) NCEP/NCAR, (b) ERA40, (c) ALL150, (d) ANT150 (1973 ANT150 ( -1990 ANT150 ( minus 1953 ANT150 ( -1972 , and (e) NAT150. Areas with confidence level exceeding 90 % are denoted with dots.
In the subtropics and mid-latitudes, wind and geopotential height follow the quasi-geostrophic equilibrium. As a result, the anomalous geopotential height over the tropics plays an important role on the meridional displacement of the subtropical and mid-latitude westerly jet. For the Asian summer monsoon region, the Indian Ocean SST is a notable tropical surface forcing. As shown in Fig. 16 , when the Indian Ocean SST increases (decreases), positive (negative) westerly anomalies are located over the subtropics, implying a southward (northward) displaced EAJ. Based on observational data, Qu and Huang (2012) also addressed the relationship between the Indian Ocean SST and EAJ, and pointed out one possible mechanism as follows: the anomalously warm SSTs over the Indian Ocean heat the overlying tropospheric air and lead to anomalous convection, which forces a Kelvin wave wedge penetrating into the equatorial western North Pacific . Combined with the climatological easterly shear over the subtropical western North Pacific, the East Asia-Pacific teleconnection is induced along the East Asia coast (Lu, 2004) . The East Asia-Pacific-related upperlevel anomalous cyclone accelerates westerly in the south flank of EAJ and decelerates westerly in the north flank. Finally, the EAJ shifts southward. In contrast, the EAJ shifts northward when the Indian Ocean SST is lower than normal. Therefore, the BCM ensemble simulations (Fig. 16 ) and previous observational studies both indicate that influences from different Indian Ocean SST play a substantial role in the displacement of the EAJ, further regulating the summer precipitation over eastern China. Furthermore, through the warming (cooling) of the Indian Ocean, the anthropogenic (natural) forcing agent is the root cause of the southward (northward) displacement of the EAJ for the period of 1950-1999 in the ANT150 and NAT150 simulations, respectively.
Changes in lower tropospheric monsoon circulation
The weakening of the Asian monsoon circulation has been suggested to be an important factor for the IVSP over eastern China in the late 1970s (Ding et al., 2009 ). Here we therefore examine some key aspects of the observed and simulated EASM circulation for the late 20th century. In the observations, significant positive sea level pressure (SLP) anomalies are evident over East Asia, while slightly negative anomalies can be seen over the northwestern Pacific and high-latitude regions (Fig. 17a) . In the reanalysis data sets, the positive SLP anomalies in NCEP/NCAR reach 6 hPa (Fig. 17b) , which are much larger than those from the observation (1.2 hPa) and ERA40 (3 hPa, Fig. 17c ). The ERA40 data are more consistent with observations than the NCEP/NCAR data. The large-scale anomalies in SLP lead to anomalous northerly winds over eastern China (Fig. 18a and b) . At the same time, both the southwestern flow from South Asia and the cross-equatorial flow from Southeast Asia are weakened, implying a weaker Asian summer monsoon circulation during the period 1978-1995. It should be noted that the changes in the wind fields are much larger in the NCEP/NCAR data than those in the ERA40 data, as should be expected from the anomalously large, positive SLP values in the NCEP/NCAR data compared with observations. The NCEP/NCAR data overestimate the interdecadal changes over Asia, as indicated by Wu et al. (2005) . However, both NCEP/NCAR and ERA40 show significantly weakened EASM during the period 1978-1995 relative to the period 1958-1977. In the model (Figs. 17 and 18 ), ALL150 realistically reproduced the increased SLP over the Asian continent and the weakened Asian summer monsoon circulations. These observed climatic features were partly captured by ANT150. In addition, anomalously cyclonic circulations are observed over the YRV in ALL150 and ANT150, implying stronger convection there. They are the major factors that contribute to the increased summer precipitation over the YRV in these two ensembles (also seen in Fig. 9b ). In contrast, NAT150 failed to reproduce these climate changes. Also, positive SLP anomalies are evident over the South China Sea, which actually enhance the EASM. Therefore, NAT150 simulates the increased summer precipitation over the NC and decreased precipitation over the YRV, showing opposite trends compared to the other ensembles and the observations (Figs. 5, 6 and 7). Generally, the intensity of the EASM is controlled by the thermal contrast between land and ocean (Webster, 1987; Tao and Chen, 1987) . In the observations, strong negative temperature anomalies are found over eastern China (Fig. 19a and  b) , with positive temperature anomalies in the surrounding regions. This distribution of temperature anomalies has been suggested to reduce meridional and zonal land-sea thermal contrasts and by that to weaken the EASM (Zuo et al., 2012) .
Unlike the observations, the simulated anomalous temperature pattern in NAT150 shows large-scale cooling over East Asia for the period 1978-1995 (Fig. 19e) , likely as a result of the El Chichón and Mount Pinatubo volcanic eruptions in 1982 and 1991, respectively ( Fig. 20a and b) . Together with the Agung eruption in 1963, these strong volcanic eruptions in the second half of the 20th century to some extent mitigated the greenhouse-gas-induced warming.
In ALL150, the simulated temperature anomaly pattern qualitatively matches the observations (Fig. 19c) . According to ANT150 (Fig. 19d) , the significant warm anomalies over East Asia and the surrounding oceans are presumably caused by increased greenhouse gas concentrations. On the other hand, the slight cooling and the less pronounced warming over the mid-and high-latitude East Asian continent in ALL150 is likely attributed to the natural forcing. Others over eastern China (black box in Fig. 19 ) are partly caused by the response of land surface to enhanced convection. The (1978-1995 minus 1958-1977) in summer sea level pressure (June-July-August, unit: hPa) in the (a) HadSLP2, ANT150 (1973 ANT150 ( -1990 ANT150 ( minus 1953 ANT150 ( -1972 , and (f) NAT150. Areas with confidence level exceeding 90 % are denoted with dots. (1978-1995 minus 1958-1977) in summer wind fields at 850 hPa (June-July-August, unit: m s −1 ) in the (a) NCEP/NCAR, (b) ERA40, (c) ALL150, (d) ANT150 (1973 ANT150 ( -1990 ANT150 ( minus 1953 ANT150 ( -1972 , and (e) NAT150. Areas with confidence level exceeding 90 % are shaded with gray. Regions with elevations higher than 1500 m are blank.
enhanced convection can reflect more shortwave radiation and cool the surface. Meanwhile, the increased summer precipitation over the YRV in ALL150 also strengthens surface evaporative cooling there. Besides, the cooling effect of the anthropogenic aerosol is not negligible either (Liao et al., 2004; T. J. Wang et al., 2010; Li et al., 2011) . Unlike the greenhouse gases, the distribution of anthropogenic aerosols is spatially uneven and usually centered over industrial areas such as eastern China (Fig. 2) . Kaiser and Qian (2002) (1978-1995 minus 1958-1977) in summer surface air temperature (June-July-August, unit: ANT150 (1973 ANT150 ( -1990 ANT150 ( minus 1953 ANT150 ( -1972 , and (e) NAT150. In (a) and (b), the corresponding differences in SST (HadISST) are shaded over the ocean. Areas with confidence level exceeding 90 % are denoted with dots. The box denotes the analysis region dominated by East Asian summer monsoon (20-40 • N, 105-120 • E), over which the average temperature over land is calculated.
increasing anthropogenic aerosols could have played an important role in the cooling trend over eastern China after 1980 based on observational data. Thus, the cooling effect of the anthropogenic aerosols can also contribute to the cooling and the less pronounced warming over eastern China in ALL150 and ANT150. In addition, it should be noted that only sulfate aerosols have been included in this study. The potential effects of other reflecting aerosol species, such as nitrate aerosols, on the regional temperature evolution over the Asian continent have therefore not been considered. This may be one reason why ALL150 and ANT150 simulate weaker interdecadal temperature changes relative to the observations over eastern China.
Therefore, in ALL150, the cooling (or the less pronounced warming) eastern China and significant warming ocean play an important role in reducing land-sea thermal contrasts over East Asia. Together with the influences from a westward WPSH and a southward EAJ, they all contribute to the lower tropospheric weakened EASM, thereby causing the decrease in summer precipitation over the NC as found in the observation.
Summary and discussion
The model results presented here, together with observations, suggest that anthropogenic forcings are most likely the prime drivers for the IVSP over eastern China in the late 1970s.
The increased greenhouse gas concentrations induced Indian Ocean warming causing a westward shift of the WPSH and a southward displacement of the EAJ, which ultimately led to enhanced water vapor transport and summer precipitation over the YRV region. At the same period, the surface cooling effects from the stronger convection, higher precipitation and rapidly increasing anthropogenic aerosols led to the negative temperature anomalies over eastern China. It is in stark contrast with the surrounding warming ocean caused by the increased greenhouse gases, resulting in reduced landsea thermal contrasts. By the cooperation of the westwardshifted WPSH, the southward-shifted EAJ and reduced landsea thermal contrasts, the EASM weakened and the summer precipitation deceased over the NC. Consequently, the IVSP started to emerge in eastern China in the late 1970s. This study highlights the dominant roles of anthropogenic forcings in the interdecadal changes of the East Asian climate during the second half of the 20th century.
In addition, the external natural forcing plays an opposite role to the anthropogenic forcing in regulating the changes in WPSH and EAJ and mitigating the surrounding ocean warming of eastern China, and postpones the anthropogenically forced IVSP and associated climate changes in eastern China in ALL150 during the second half of the 20th century. This is likely the reason why ALL150 compares so well with the observations. The model results therefore clearly underline the need to include all relevant anthropogenic and natural forcings in order to get the correct timing of the simulated shift in the East Asian climate over the past few decades. Moreover, the simulated responses in the different forced ensembles cannot be added together linearly, suggesting that complex non-linear processes are likely involved in the atmospheric response to all relevant anthropogenic and natural forcings. Recently, Chen et al. (2012) used an atmosphere model forced by observed historical SSTs and fixed emissions scenarios at the 1990 level to reproduce a similar precipitation trend over eastern China, but their results are not able to separate the effects of the anthropogenic and natural forcings. However, Chen et al. (2012) still highlight the important role of anomalous SST forcing on the East Asian summer precipitation, as pointed out by Y. Wang and Yan (2011) and T. Wang and H. J. Wang (2013) . Additionally, a significant statistical relationship between the PDO and dry/wet variation of the NC region in the observation (Ma and Shao, 2006) and BCM 600 yr control run (L. Yu et al., personal communication, 2013) implies that the influence of the PDO on the precipitation in eastern China is not negligible. This means that the shift of the PDO into a positive phase during the late 20th century could further contribute to the drying condition in the NC, which partly explains the weak NC drying when no PDO signals are found in ANT150 (Fig. 8b and 12d ). In our model results, the BCM does in fact a remarkable good job in reproducing the decadal SST variability over the North Pacific (i.e., PDO) and the Indian Ocean warming during the second half of the 20th century (Fig. 12c) . This may be a key reason why the BCM ALL150 ensemble can successfully reproduce the weakened EASM and the IVSP over eastern China during the late 20th century.
In the last 10 yr, the annual-mean global temperature has not risen ( Fig. 20a ; Easterling and Wehner, 2009; Foster and Rahmstorf, 2011) , despite the continued increased anthropogenic forcing. A recent study tied this current hiatus in global warming specifically to a La Niña-like decadal cooling, a strong intrinsic climate variability, in the eastern tropical Pacific (Kosaka and Xie, 2013) . This decadal cooling could further regulate the Indian Ocean SST through air-sea interaction ). Thus, a similar hiatus in SST warming can also be seen in the Indian Ocean (Fig. 20a) . However, the warming caused by greenhouse gases in the mid-and high-latitude regions (Kosaka and Xie, 2013) and eastern China (Fig. 20b ) continued in the boreal summer during this period. That means the heat forcing over the Indian Ocean will be relatively weak during this period, in contrast to the strong heat forcing that is seen in the second half of the 20th century. This is one potential explanation for why the southern flood and northern drought pattern in eastern China has reversed in the last 10 yr.
